\ TWO-WEEK LOAN COPY "--------..,j!=rni)"'is"'a-r:r&ibrar"-y=Ci ""'~~-=o,,.,;C;,o~--=-j~-:-......... 
III

Introduction and Summary
This report presents the results of an analytical study of the hydrological transport of a radioactive contaminant through fractured, porous rock. The purpose is to evaluate the time-, and space-dependent concentration of the contaminant in the ground-water in the fractures and in the rock pores.
In a previous report 1 we presented analytical solutions for transport of a sorbing radionuclide with no decay precursors through a single fracture, with and without dispersion.
The importance of matrix diffusion was shown. Diffusion from the fracture into the rock matrix retards contaminant transport through the fracture even without sorption in the medium. In the present report we extend the previous work in two directions: multiple parallel fractures and a two-member decay chain. In some instances the contaminant penetrates so deeply into the rock matrix that concentration fields from adjacent fractures overlap, requiring consideration of multiple fractures in predicting contaminant transport.
Migrating decay presursors can affect the concentration field of their daughters because the daughters are generated inside the rock and the fracture as well as in the repository.
Sudicky and Frind 3 .4 also gave analytical solutions for these problems, but their solutions for a system of multiple parallel fractures 3 contain several apparently incorrect expressions. Their analytical solution for the concentration in the fractures does not satisfy the boundary condition at the fracture entrance. And their analytical solution for the concentration in a porous matrix does not satisfy the boundary condition at the rock/fracture interface, either.
We provide corrected version of the Sudicky and Frind solutions, and we propose a simplified analytical method that superposes two single-fracture solutions for the concentration in the rock matrix with a system of parallel fractures. The exact solutions require multiple integrals and summation of an infinite series, which converges slowly because of its oscillating nature. The convergence of the series becomes slower for strongly-sorbing media, large spacing of two fractures, and early times. The superposition is valid, on the other hand, for these three cases. We show the validity of the approximation in terms of the Fourier modulus and (t, R ) space, where tis time and R the pore retardation coefficient. p p
Validity is also a function of the assumed release mode. The approximation is valid for a larger domain for the step release than for the band release mode in ( t, R ) space. p Since the Sudicky and Frind's solutions for a two-member decay chain are obtained for an impulse release at the repository boundary, we can use them as Green's functions in convolution integrals to obtain solutions for arbitrary release modes. We calculate, for example, the concentrations for the exponentially decaying step release by making the convolution of their solutions and the step function. We compare these results with our previous numerical results 6 approximated by neglecting decay in the rock matrix, and find that this approximation introduces considerable errors especially in the case of the daughter nuclide at far field from the repository.
In summary, we made extension to the theory of radionuclide penetration into multiply fractured rock, and provided solutions for a two-member decay chain.
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Evaluation of the Sudicky and Frind's Solutions
In a series of papers, Tang, Sudicky and Frind   2 '  3 '   4 presented solutions for contaminant transport in multiple rock fractures. The system they considered is shown in Figure 2 .1. We first present a review and evaluation of their work.
Analytical solutions for a System of Parallel Fractures
Tang, Sudicky and Frind showed analytical solutions for contaminant transport through equally-spaced, parallel fractures by advection and dispersion, and diffusion into the rock matrix. Sorption retardation of the movement of the contaminant in both fractures and rock pores is considered. Radioactive decay is considered without any precursors. Each fracture is identical. The governing equations are: 
where N° is the concentration at the repository. They have made use of Laplace transforms and obtained the following solutions. However, these solutions contain apparently incorrect expressions. We show below the corrected version and note the corrected parts with boxes.
For non-zero D: These errors shown in eqs. (2.8) to (2.11) may come from the incorrect time integration. In order to obtain the solution for NIN° they apparently applied the identity: with the convolution theorem: and apply the convolution theorem. Then the correct solutions that are valid for b ~ y ~ 2Sbare:
(2n+1)n(S-y).
Note that for eqs. (2.21) and (2.22), z = 0 is carefully excluded from their domain of definition because the concentration in the porous rock is considered only in the region z > 0, b ::; y ::; 2S -b, t ~ 0. Therefore, we can exchange the order of integration with respect to ~and 'tin the preceding forms of (2.21) and (2.22), which contain very similar forms to (2.8') and (2.10'). In our previous report 6 , we presented exact analytical solutions for an n-member decay chain, for any release mode, in recursive forms. From the standpoint of numerical evaluation, however, it is desirable to derive nonrecursive solutions, which is rather difficult for higher n. To ease the numerical evaluation, we neglected radioactive decay in the rock pores in previous calculations. In this section we will check the Sudicky and
Frind's solutions and show how their solutions can be applied for obtaining the solutions for a general release.
The governing equations are:
O<z<oo,t>O, M(y,z,t). Subsctipts 1 and 2, f and p stand for the mother and the daughter nuclides, and fracture and pore, respectively)
where the nomenclature is as defined in the previous section. Subscripts 1 and 2 are for the mother and daughter nuclides, respectively. Dispersion in the fracture is neglected. The side conditions are:
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where i = 1,2 and O(t) is a delta function. N. 0 , i = 1, 2 are the strengths of the impulses at the 1 repository at t = 0.
Sudicky and Frind apparently applied Laplace transforms for the governing equations and obtained the solutions. However, these solutions contain several apparently incorrect expressions as indicated in the following by boxes: 
fl, . where (2.40) is valid for negative a. as well as non-negative a..
The Heaviside step function which comes from the identity (2.13) has been ignored 16 .27e). This difficulty can be avoided by considering the limit:
Another way is to regroup the terms in ul (y, Z, p), the Laplace transformed Ul,and to apply the identity: (2.47) By using the solutions (2.28) to (2.31), we can write the solutions for a general release:
N.(O, t) ='I'· (t), 1 1 i = 1, 2, t > 0, (2.48) by taking the convolution of '1'/t) and W 1 (y,z,t), W 2 (y,z,t), U 1 (y,z,t), and U 2 (y,z,t) with respect to time: compare the results with our previous evaluation obtained by neglecting the decay in the porous rock.
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Superposition Approximation for Parallel Fracture System
As shown in Section 2.1, the exact solutions for a system of parallel fractures are rather complicated, and no numerical evaluations for the concentration in the rock pores w;re given by Sudicky and Frind. Here we show the numerical results of the concentration in the rock pores by applying a simplified analytical method that superposes single-fracture solutions. And we consider the validity of the superposition approximation.
Formulations
Consider the system of parallel fractures depicted in so that the influence of the concentration field by the neighboring fracture is less than one percent of the concentration produced by the fracture of interest ( Fig. 3.2 os/ (3.5) To illustrate, we consider the step and band releases for the boundary concentration at z = 0 in the fractures The nomenclature is the same as defined in Section 2.1. (3.9) We calculate the single-fracture solution, M(y, z, t) at y =bandy= 2S -b for R p and t ranging from 1 to 10 3 and from 10 2 to 10 7 years, respectively, with the common parameter values: the approximation is valid regardless of Rp values.
Validity of the Superposition Approximation
We can confirm the observation in Fig.3.3 by calculating the actual concentration profiles in the rock matrix for several t and Rp values with a step or a band release, which are depicted in Figs. 3.4 to 3.6. In Table 3 .1, summarized are the calculation conditions and the validity of the resultant profiles. At t = 10 4 yr, the profile is the same as that for the step releas.e (see Fig. 3.4 ). At t = 6 x 10 4 yr, greater than the leach time, the superposed profile shows two peaks in the y-direction because the two fracture-induced profiles, each of which has a maximum in the y-direction, are about to overlap at the midpoint (y = 10 m). Two later profiles show invalid superposition. At t = 2 x 10 5 yr and 10 6 yr, the fracture-induced profiles become very broad, and the diffusion front of each profile exceeds the adjacent fracture location. We can no longer distinguish the peak of each fracture-induced profile in the superposed profile.
Thus the single-peak superposed profile implies invalid superposition. . At t = 10 5 yr, greater than the leach time, for a step release, the concentration at the rock/fracture interface is significantly higher than unity. This means at once invalid superposition because the maximum probable concentration is unity. For a band release, we observe a single-peak profile, which means invalid superposition. (1) Validity is judged by Fig. 3.3. (2) For a step release, the leach time can be considered infinite.
(3) These two show that the constraint for valid superposition is more limited for a band release than for a step release. To illustrate, we take the step release for two members for 'l'i(t): In the previous report 6 we showed the results of an approximate model neglecting radioactive decay in (4.2) and (4.4) . It has been shown that for the mother nuclide of the three-member chain the approximation gives fairly good results for the concentration in the fracture for long half-life mother nuclides such as 237 Np and 234 U. But there has been no demonstration of the accuracy of the results for the daughter nuclides. We compare the results obtained by the exact model, i.e., (4.11) and (4.13) with those of the approximate model. 
Concluding Remarks
We presented in this report the analytical study of the radionuclide transport through fractured, porous rock. Based upon the previous studies, where radionuclide transport was intensively studied on the assumptions of a single planar fracture and no precursors, we studied the analytical methods to evaluate the time-space-dependent concentrations for multiply-fractured rock and a two-member decay chain.
For multiply-fractured rock, we checked Sudicky and Frind's analytical solutions, and found apparently incorrect expressions. We gave the corrected versions of their solutions. The exact analytical solutions, however, require a summation of an infinite series and multiple integrations. The convergence of the infinite series is quite slow in case of shallow penetration into the rock matrix. We showed the superposition method to evaluate the concentration in the rock matrix. Solutions for multiply fractured rock are obtained by superposing two single-fracture solutions. The superposed solution gives fairly good approximation in case of shallow penetration into the rock matrix, for which numerical evaluation is difficult with the exact solutions. The constraint for valid superposition was given in terms of Fourier number. By this method we could extend the applicability of the single-fracture solutions.
For a two-member decay chain, we showed the solutions for a general release mode in the form of the convolution integrals of the release characteristics functions and the Green's functions. Sudicky and Frind obtained the solutions for an impulse release, which contain apparent by incorrect expressions. We corrected their solutions, and derived the Green's functions for this problem from Sudicky and Frind's solutions. Numerical evaluation was performed for an exponentially decaying step release. The convolution integrals were numerically evaluated by Gauss quadratures. This results were compared with our previous numerical results approximated by neglecting decay in the rock matrix. We found that for the mother nuclide the exact and the approximate solutions give very close results, while for 35
